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ABSTRACT

Three lots of tungsten powder coated with nickel and iron by chemical vapor depo-
sition (CVD) were characterized as to its composition, particle size, and size distribution.
This was accomplished through the use of the scanning electron microscope (SEM) with
a digital X-ray dot mapping attachment, DC plasma emission, and Microtrac analysis.
The sinterability of the powder was also evaluated through sintering trails at tempera-
tures above and below the liquidus of the matrix phase. It was found that the coating
of nickel and iron on the tungsten substrate was very uniform, but it was also difficult
to obtain high sintered densities due to the near monosized nature of the powder. The
highest sintered density obtained was 90% of the theoretical value. It was concluded
that to obtain full density a wider distribution of the particle size would be needed.
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INTRODUCTION

Tungsten powder with a chemical vapor deposited (CVD) coating of nickel and iron was
produced by Ultramet, Pacoima, CA, under the U. S. Army's Small Business Innovative
Research (SBIR) Program.", 2 This processing technique for tungsten powder is a part of the
U. S. Army's effort to enhance the mechanical and ballistic properties of tungsten-based mate-
rials for use as kinetic energy penetrators.

This is a continuing project. Over a four month period, three lots of powder, each with
a different composition, was received from Ultramet. The purpose was to characterize the
powder resulting from the coating process, as well as to evaluate its sinterability. The pow-
der was characterized by performing chemic& analyses to determine the amount of each ele-
ment present and by determining its particle size distribution. In order to define the
optimum sintering conditions for the material, several samples were sintcred under different
conditions (temperature and time were the variables). Density and grain size calculations
.ere used to evaluate each specimen, as well as microstructural appearance.

EXPERIMENTAL PROCEDURE

Powder Lot 1 was examined in the scanning electron microscope (SEM), at various magni-
fications, to observe the size and shape of the coated powder. A digital X-ray dot map was
also constructed to determine the distribution of the nickel and iron coating.

Three different methods of determining the composition of the matrix phase of the three
powder lots were used. First, Ultramct reported the results of their energy dispersive analvti-
cal X-ray (EDX) analysis as the powder was provided. Secondly, samples from both Lots I
and 2 were sent to Luvak, Inc., Boylston, MA to determine their composition. There was
not sufficient time to send out the third lot; therefore, in addition to this analysis, a third
test was performed at the U. S. Army Materials Technology Laboratory (MTL) on all three
samples to get a quick analysis of the total matrix content.

Lots 1 and 2 were cold isostatically pressed (CIP) at Industrial Materials Technology, Inc.
(IMT), Andover, MA. The samples were sintcred in the H2 atmosphere according to the test
matrices shown in Tables I and 2. Lot Z vas subjected to both solid state and liquid phase
sintering while Lots 1 and 3 were liquid phase sintercd only. The majority of the results pre-
sented here are from Lot 2. The samplcs were then examined using, an optical microscope
ard rafm size and density calculations wcre perl'ornmcd. Work proceeded as outlined in the

nine tasks listed below.

I ( ,utd Ilu t'% n I,, h ' r rIOr tbiancc J) ',tc.y. I'hisc I. S111.l , Inno, ,ls,'c Rc ,sc;irdi (X'llr +iti Nn o I)M .\ I o)2 i, ( t ll 1 Iit. .
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Table 1. ULTRAMET SINTERING MATRIX

Temperature 1200 1250 1300 1350 1400 1450 1500 1550

Time

1/2 X X X X

1 X X X X X

2 X X X X X X X X

4 X X X X

8 X X
Sintering matrix for Powder Lot 2. All temperatures are in degrees
Celsius, and times are in hours.

Table 2. ULTRAMET COATED TUNGSTEN POWDER LIQUID PHASE
SINTERING STUDY POWDER LOT 1

Temperature Time Density Shrinkage
(Celsius) (Hours) (g/cc) (%)

1,500 1 15.71 7.7

1,525 1 16.11 68

1,500 2 15 64 7.2

1,550 1 15.82 72

1,600 1 15.81 7.2

Sintering matrix for powder Lo~t 1. All temperatures are in degrees
Celsius, and times are in hours.

Task 1: Microscopic Examination

Examination of the coated tungsten powder in the SEM with an analytical X-ray chemical
analysis attachment.

Task 2: Chemical Analysis

Chemical analysis was performed at Luvak, Inc. by DC plasma emission on Powder Lots I
and 2 to determine their compositions.

Task 3: Chemical Analysis by Etching

The amount of matrix present in Powder Lot 3 was calculated by an etching technique
that removed the nickel and iron. This was done at MTL, and Lots I and 2 were also exam-
ined to serve as controls since their compositions were known. All three powders were
treated with a solution of 10% nitric acid in methanol. A known weight of coated powder
was stirred for one hour at room temperature. The amount of the solution used was much
greater than the volume of the powder; approximately 300 ml to 100 g of powder. The pow-
der that remained was washed with distilled water and dried overnight at approximately
150)0 C. The amount of the matrix phase removed was calculated from the remaining weight
of the tungsten. The solutions for this technique were recommended by Brian Williams o'
Ultramet: he also reported that etching of the tungsten by this process was minimal.

S Priat. (omnunulii n Niih Btriin Wilhliln . tIl;lliei. [ic. I';icl,.iln . CA, .\ugust 19,M).
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Task 4: Particle Size Distribution

Particle size distribution of Lot I was determined by Microtrac at Dirats Laboratories,
Westfield, MA.

Task 5: Cold Isostatic Pressing

Powders from Lots I and 2 were CIPed at 25 ksi by Industrial Materials Technology for
sintering. Samples from Lot 3 were uniaxially pressed at 24 ksi.

Task 6: Sintering

Button-shaped samples approximately 5/8 inch diameter by 3/8 inch thick were sliced from
the CIP bars and were sintered under various conditions of time and temperature in a hydro-
gcn atmosphere furnace. Both liquid phase and solid state sintering was performed. The
liquidus for a W, Ni, and Fe alloys of these compositions is approximately 1435C. '5  The
sintering cycle included a presintering, oxide reduction treatment. This was done because pre-
v'ious work with tungsten alloys has indicated that oxide reduction is necessary for optimum
properties: ' therefore, one hour at 80)C was the treatment used.

Task 7: Density

The density was determined by following ASTM B 328-73, "Standard Test Method for
Density and Interconnected Porosity of Sintered Powder Metal Structural Parts and
Oil-Impregnated Bearings."

Task 8: Metallography

The sintercd samples were sectioned, mounted, and polishcd: optical micrographs were
taken using standard procedures.

Task 9: Grain Size

Grain size wis determined according to the intersection method of ASTUM E 112-85,
"Determining the Average Grain Size."

RESULTS AND DISCUSSION

Material Characteristics

Figures la and lb show the coated tungsten powder of Lot 1. It is seen to he approxi-
matcly cquiaxed to spherical in shape and approximately 15 micrometers in diameter. There
is some evidence of the coating on at least some of the particles, particularly at higher magni-
fication. Figure 2 is a digital X-ray dot map showing the distribution of tungsten, nickel, and
iron. The map is constructed by determining the origin of the characteristic X-ravs that

4 RAYN()R,. (. V.. and RIVI.IN. V. G. ('ntical I-valuation o 'f (oms'titutions of (train I rnarv ,.llovs ('ontanj,, Iron. lg*,tcsbn. nd a lihird
Metal Inicrnational Metals Rvi,_w. v. 26. no. 4, 1981. p. 213-249.
IAYN()R. ( V , and R IVIIN. V. i. Adth'ndun To: Critical Evaluation of (on.tituttomz of C 'ertain lernar " ,lv/ ( C ,nintm In Ilk:
%ten. and a Ihird Metal. Iniernanonal Metals Rvimw. v. 2N, no 2. ,(5. p. 22 129.

, (.\i N. It I .LII S. A . and ( IM AN . M O7( ara rtert us of liqui, Phase Sicr d lu.l cn II,', ll, iI s nc HLiLI .h t [J ,I
,I %dcr MctIallur l,'. s 25. n i, p 21.

7 at t"r . A.. ind (I RM . N . R M .In rtrtl1 . ftoi rt i crc ! ,wt l tsde l'r,,p crtt e at . lll I it 1 .111.. ,1I9 A-
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result from the interaction of the electron beam with the sample. The tungsten map is a rep-
resentation of the powder particle substrates, while the nickel and iron signals ieveal the distri-
bution of the coating on the tungsten. It is noted here that the coating is quite uniform.

The compositions of the three powders calculated by all three methods are shown in
Figure 3. The compositions, determined by DC plasma emission, of the matrix phase of Lots
I and 2 were much less than those reported by Ultramet using an EDX attachment on the
SEM. The EDX procedure greatly overestimated (by 10 to 15 times) the true amount of
coating present. For this reason Ultramet concluded, erroneously, they wcrc producing pow-
der with the targeted amount of matrix phase (about 5 weight-percent combined nickel and
iron). The MTL matrix etching technique results correlated closely with the chemical analysis

from Luvak. The reported value from Ultramet for Lot 3 was not taken directly from an
EDX run, but rather from comparison of EDX results to another powder with known results
from both EDX and independent chemical analysis. 3 Since the etching test results from Lots
I and 2 are close to the actual values. it is assumed this value from MTL is a fairly good
approximation.

Typically, satisfactory sintcring is expected from an alloy of 95% W with a matrix of
nickel and iron in a ratio of 7:3, and is shown in Figure 4. The amount of the matrix on
the coated tungsten particles increased with each successive batch and, consequently, yielded
better sintering results. The corresponding change in the theoretical density is giiven in Table 3.
The lack of nickel and iron, however, may not be the only hindrance to full densification.

Table 3 THEORETICAL DENSITIES OF
ULTRAMET POWDERS

Lot No 1 1911g/cc

Lot No 2 1875 g/cc

Lot No 3 18,25 g/cc

The results from the particle size detcrmination are displayed in Table 4 and Figures 5
and 0. Figure 5 shows an average particle size of 18.44 micrometers. Figure 6 is a histo-
tram showing the Microtrac results. The particles are extremely narroly distributed, as dis-

played. and if the fact that Microtrac gives erroneous values at both ends of the distribution
is taken into consideration, then the actual size distribution is further narrowcd. S A
monosizcd particle cannot he as densely packed as himodalv sized particles." This. ho\cv cr,
may not he such a simple problem to solve since the CVD technique being used by lUltramct.
%\hich insures an even coating on the particles, requires a rather restricted particle size distri-
bution to obtain good fluidization of the powder in the CVD reactor.1

Sintering Properties

The density and shrinkage results of liquid phase sontered Lot I samples are displayed in
Table 2. The method used to determine the densities ol these samples, ASTM B ,11-86,
"Dens!':, of Cemented Carbides," was not the same as the method used for the ot her lots.
Using this standard to measure the density of a part which is not full\ dense yields i liccurate

, I, v.lcr lnic iI-n M ,iti din S niup ,',m RI I. Jul 14 IS. 1,vm
9 (d I M.\N. R N I',,-,h'r hi(,,'tt,,I .ftui. Mc . I', acr , lIit'x I cacijii. I iht ,iqi. N I. 'I'.l p ' I

10. Irilc ('mmu i tmion Aith laik Slihch lraimcl. Inc .\tugusl I, 19911
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results. A false low reading of the sample weight suspended in water is given because of the
air entrapped in the sample's pores and, therefore, a false high density calculation results.
These results, although probably falsely high, are only about 82% to 84% of the theoretical density.

Table 4. PARTICLE SIZE DISThiiBUTION BY MICROTRAC

Fraction Cum % W

Finer than 62 micron 100.0

Finer than 44 micron 91.2

Finer than 31 micron 92.8
Finer than 22 micron 72.7

Finer than 16 micron 43.9

Finer than 11 micron 21.4

Finer than 78 micron 91

Finer than 5.5 micron 39

Finer than 3.9 micron 1 1

Finer than 2.8 micron 0.1
Average 18.44 micron.

The density results of the samples from Lot 2 sintered according to the matrix in Tablc I
are presented in Figures 7 and 8. The same data is presented in both two-dimcnsional and
three-dimensional formats. The trend shown by the data is that the density increases with
increasing temperature, but time does not appear to have much effect. It is important to
notice that the densities are only approaching 90% of the theoretical value. Not much densiti-
cation is occurringz in the solid state sintcring regime. Only when the matrix melts does the
density rise to any significant degree.

The grain size data also shows a transition point between solid and liquid phase sintcring,
as shown in Figure 9. The tungsten grain size is fairly constant up to 14()('C; be\'ond thait,
the grain size of the samples rapidly increased. This is a characteristic of liquid phase
sintering. It is not, however, always desirable because of the loss of strength associated ith
coarser grains (e.g., lalI-Pctch Note that the liquid matrix material promotes the ,ro th

of tungsten grains.

Fi.,tircs l)la aid 10b show the difference in the aippcarance of the micrastructure t'Ct\\c'cn
lots 2 and 3. While both structures contain a lot of porosity, more matrix is noticeablc in
the Lot 3 micrograph. This agrecs with the reported and calculated compositions. The

rains in Lot 3, however., appear slightly larger than those in Lot 2; this is shown by the
grain ,ize measurements displayed in Figure 11. With the assumption thalt the particlcs Ii om

both Lots 2 and 3 were originally the same size, the figure illustrates the tun,,stcn ,trrain
growth is promoted hy the liquid matrix phase.

I1i )I (H H {. (, ' :.,,.. , ,. / (.F,//t, ilt 2rl a. . ,l r u . Nc"a "',,k. "Or, 1 '



The change in microstructure with respect to temnrrature can be observed in Figures 12a
through 12t. The tungsten grains of the solid state sintercd material, below 1435°'C, w re
polycrystallinc. The samples sintered at liquid phase lost this feature and became si mzlc
crystal particles surrounded by either matrix material and/or pores. Both gr; in growth and densili-
cation can be observed by examining these microstructures in order of increasing temperature.

.- nother interesting occurrence was observed macroscopically on the polished samples.
The liquid phase sintered samples were not uniform in their density. The region at the bot-
tom of the sample was more dense than the top and outer edges, Influenced by gravitv, the
matrix phase melted and flowed .o the bottom of the sample One would expect capillairitv
to have a greater influence in filling the pores, but the pores of this rather large, monosizcd
powder arc too big to have much eflfect.

RECENT WORK AND FUTURE PLANS

In an effort to investigate the possibility of more satisfactory results from a bi mida Il v-
sited pov,'der, a noA powVdcr blend was formulated and mixed at MT[ and sintCeCd at 5Ui'(
tor one hour in hydrogen. 'he composition of this powder was:

" 8(1% Ultramet Lot 3 (coarse particles)

* 2(c 95% W,.5% Ni, and 1.5 % Fe (line particles)

The fine powkder is estimated to be about 0.5 to 1 micron in size, whilc Powder Lot 3 is
aIssumed to be abZoLit the same size as Lot I %khich had the particle size analysis (approxi-

matclv 1 microns).

The densitv of this sample was calculated, by the oil infiltration technique, to be 93, oI'
the theoretical density. This is the best density result out of all the sintercd samples, indicat-
ing that the narrow particle size distribution is a sinificant negative factor in the dcnsifica-
tion process.

Further work will examine the effect oI various size mixtures investigating the size aid
manmmni of po-,der added. Initillv bimodal blends but. as experience groms, trimodal and con-
tinuous distributions will be examined.

CONCLUSIONS
It was possible to sinter these three Ultramet lvdcrs only to approximatclv 901r' densi v.

-Tcmpcratures above the liquidus produced the best results. In this temperature region grdin
trowth is enhanced by the presence of the liquid matrix, but there was insufficient matrix to
fill the pores between the tungsten tyrains to approach lull density. Anothcr possible explaina-
tion tor the poor densification may be that the powder had narrow distribution of coarse parti-
cles, cssentially a monosized powder. \ wider distribution of particles, although not favorable
to the (V[) processing technique, may produce better sintercd densities. -This possibility is
currently under considcration arid initial results Indicate that the bimiodal pt,,k(dcr will 11.c
the beter sntcrabilitv
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Figure I SEM of Utramet Powder Lot 1
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TUNGSTEN

NICKEL

IRON,

Figure 2. Digital X-ray dot map of Lot 1 showing the location of the
tungsten particles and the nickel and iron coatings. Note that the
nickel and Iron signals are uniformly dispersed on the tungsten powder particles.
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Composition of Ultramet Powders
(Balance is Tungsten)

Powder Lot #

#1 Ultramet Reported 
Nickel

Iron

#1 Chem. Analysis Nickel & Iron

#1 MTL Etched

#2 Ultramet Reported

#2 Chem. Analysis

#2 MTL Etched

#3 Ultramet Reported

#3 MTL Etched
, I , 1 , I, 1 , 1

0 1 2 3 4 5

% Element Present

Figure 3. Composition of the nickel and iron coating
for Powder Lots 1 through 3. The methods
of each analysis can be found in the test.
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Figure 4. Microstructure of typical 95% W, 3.5% Ni, and 1.5% Fe heavy alloy.

100

Particle Size Distribution'
Ultramnet Lot #1

~80-

Q) 60-

-~40-

o20

0*
24 6 8

10
Diameter, microns

Figure 5. Particle size distribution of Powder Lot 1.
Results from Microtrac particle size analysis.
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30

Particle Distribution
25 Ultramet Lot #1

L.

E201

-'15

0I

>10
a)

L5

Lj

10

0 20 40 60

Particle Size, microns

Figure 6. Particle size distribution of Powder Lot. 1. Results from
Microtrac particle size analysis, displayed as a histogram.

Dens Lty of SLnt.ered Samples

Figure 7. Three-dimensional plot of the sintering results of Powder Lot 2.
Temperature is in degrees Centigrade, time is in minutes, and theoretical
density is shown as a percent of the calculated density for Lot 2 (18.75 g/cc).
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Density of Ultramet Sintered Samples
100.00 ASTM B328-73

>1 90.00.

Cf)

S80.00

(1) 70.00 ~tGreen Density

1oou

~2 hours
34 hours

50.00 . . . .. . . . .I. . r r
1100 1200 1300 10 50 10

Temperature C

Figure R. Two-dimensional plot of the sintering results of Powder Lot 2.
Temperature is in degrees Centigrade, time is in minutes, and theoretical
density is shown as a percent of the calculated density for Lot 2 (18.75 g/cc).
Green density is shown at 68%; this is the density of the CIP powder.

Groin Size Measurements of
Sintered Ultromet Samples

30.0 (ASTM E 112)

cn 2 5.0

*20.0

Cn10.0

C* 0.5 hours
S1 hour

0 *.. 2 hoursV

1200 1300 ' 4 hours

111400 1500 1600

Temperature C

Figure 9. Plot of tungsten grain size versus sintering temperature for Powder Lot 2.
Temperature is in degrees Centigrade, and the grain size is in micrometers.
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*4

Mag. 200X20

Figure 1Oa. Photomicrographs of sintered samples from Lot 2.
Samples sintered at 1 5000C for one hour.

Mag. 200X 20pi
Figure 10b. Photomicrographs of sintered samples from Lot 3.

Samples sintered at 15000C for one hour.
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Camparison of Lot #2 & Lot #3
Grain Size Measurements

32.00 -

30.000 *

E
&28.00 -

N

26.00C

024.00

All samples sintered e Lot 2
at 1500 C. A Lot #3

2 2 .0 0 .... I ,,,, I F I I I I I I I I I , I, ,
0.00 0.50 1.00 1.50 2.00 2.50

Time, hours
Figure 11. Comparison of the grain size from Powder Lots 2 and 3 for

various sintering times at 15000C. Grain size in micrometers.

1
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(a) 5 W

Mag. 500X

Figure 12. Isochronal (two hours) sinitering of Powder Lot 2 from 1200'C
to 15000C. Temperatures below 1 435"'C are solid state sintered
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Mag. 50OX 8.

N.

Mag. 200X 20~

Figure 12 (cont'd). Isochronal (two h~ours) sintering of Powder Lot 2 from
12000C to 1500TC Temperatures below 1435"C are solid state sintered
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Figue 1 (cnt'd Ischrnal(two hours) sintering of Powder Lot 2 from1200'C to 1500'C. Temperatures below 1435'C are solid state sintered
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